The impact of biodiversity loss on the productivity and stability of ecosystems is a major concern ([@r1], [@r2]). Substantial evidence exists across diverse biomes that ecosystems with higher levels of biodiversity are also more productive and stable ([@r3], [@r4]). Biodiversity loss driven by factors such as land-use change, nutrient pollution, and invasive species is occurring in parallel with global warming, yet our understanding of the potential for synergies between these multiple facets of environmental change on ecosystem functioning is limited ([@r5][@r6][@r7][@r8]--[@r9]).

Two key processes underlie our understanding of how biodiversity affects ecosystem functioning. "Selection effects" describe the processes whereby average levels of ecosystem functioning tend to be higher in more diverse communities because they have a greater probability of including taxa with particular traits that promote dominance in the community and contribute positively to ecosystem productivity ([@r3], [@r10][@r11]--[@r12]). "Complementarity effects" characterize deterministic processes like niche differentiation and facilitation that arise from species interactions and enhance resource use efficiency and productivity in more diverse communities ([@r11][@r12]--[@r13]). Ultimately both selection and complementarity effects shape ecosystem functioning through variance in phenotypic traits that determine the way organisms respond to and interact with one another and the abiotic environment. Consequently, the impacts of interactions between biodiversity loss and global warming are likely to be mediated by traits that influence the performance of species under changing thermal regimes.

Thermal tolerance curves characterize how species' performance (fitness) responds to changes in temperature. These curves are typically unimodal and asymmetric, whereby performance declines much more rapidly after the optimum than before, and can be quantified by several key "traits" that characterize the shape of the curve (e.g., the optimal temperature) ([@r14], [@r15]). Theory suggests that variance in traits that determine environmental tolerance should play a key role in mediating the impacts of abiotic change on ecological dynamics and ecosystem functioning ([@r16]). If species loss occurs independently of thermal tolerance traits (as might be expected from the effects of land-use change, nutrient loading, or invasive species), then the additional impact of environmental warming could result in pronounced declines in ecosystem function, because communities with fewer species will have a lower probability of including those with thermal traits that enable them to cope with the novel temperature regime ([@r17][@r18]--[@r19]). Biodiversity loss would then interact with warming by increasing the importance of selection effects linked to thermal tolerance traits. Alternatively, if species loss is correlated with thermal performance traits---i.e., when multiple stressors drive the loss of species that are least productive in the new warmer environment---then rising temperatures may have negligible impacts on the relationship between biodiversity and ecosystem functioning. Rising temperatures are also likely to affect the nature of species interactions by changing resource requirements and/or uptake rates ([@r20][@r21]--[@r22]). Consequently, warming could also change the way in which biodiversity loss impacts ecosystem functioning by altering species interactions and complementarity effects. If warming enhances interspecific facilitation and niche partitioning, then rising temperatures would be expected to increase the strength of the diversity--functioning relationship and reduce functional redundancy. By contrast, if warming increases interspecific competition for limiting resources, then rising temperatures may increase functional redundancy and weaken the relationship between biodiversity and ecosystem functioning.

Several recent studies have shown that environmental change (e.g., drought, warming, changes in salinity) can alter the coupling between biodiversity and ecosystem functioning, with species loss resulting in more pronounced productivity declines in stressful environments ([@r23], [@r24]), but the processes that underpin these patterns remain unverified ([@r19], [@r25], [@r26]). Here we used a microcosm approach with microbial communities to address these key knowledge gaps. We used 24 bacterial taxa isolated from a network of geothermally warmed streams in Iceland (N64 ° 0′ 2.944″ W21 ° 11′ 17.451″) that range in temperature from 7 °C to 38 °C. We characterized the thermal tolerance traits of each taxon and placed them in randomly assembled communities of increasing diversity at eight temperatures from 10 °C to 40 °C to quantify how changes in temperature influence how biodiversity loss that is independent of species' thermal tolerance traits and environmental warming, affect the functioning of microbial communities.

Results and Discussion {#s1}
======================

The thermal tolerance curves (characterized as the change in per capita growth rate quantified along a 10 °C to 50 °C thermal gradient) for each taxon exhibited characteristic unimodality and left skew, with performance increasing exponentially up to an optimum and then declining rapidly. However, substantial variance in the shapes and parameters of these curves was evident among the 24 taxa, with optimal temperatures ($T_{opt}$) ranging from 21 °C to 37 °C ([Fig. 1](#fig01){ref-type="fig"}). Owing to the shapes of the thermal tolerance curves (unimodal and left skewed) and the marked variability in $T_{opt}$, the coefficient of variation in performance was lower at cold temperatures and increased exponentially with warming ([Fig. 1*B*](#fig01){ref-type="fig"}).

![Thermal tolerance curves of the 24 bacterial taxa. (*A*) Comparison of the fitted thermal tolerance curves of population growth rate, *r*, for the 24 taxa quantified using the Sharpe--Schoofield equation ([*Materials and Methods*](#s2){ref-type="sec"}). (*B*) The coefficient of variance (CV) in *r* among the 24 taxa at each assay temperature demonstrates an exponential increase in CV with rising temperature (y $=$ 21.98 $\text{e}^{0.04x}$, $r^{2} =$ 0.94, $F_{1,6} =$ 96.22, *P* $<$ 0.001). (*C*) Pooled thermal tolerance curve fitted using the Sharpe--Schoofield equation ([*SI Appendix*, Table S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)) to the mean growth rate across all 24 taxa at each assay temperature demonstrates a marked decline in average performance above 27.5 °C, which coincides with the temperature at which the CV of population growth rate rapidly increases (quasi-$r^{2} =$ 0.92 of the fitted model).](pnas.1805518115fig01){#fig01}

This finding reflects the fact that many taxa perform poorly at temperatures that exceed the average $T_{opt}$ (27 °C), while only a few perform very well. In light of this marked variation in thermal tolerance traits, in microbial communities assembled from these taxa, we expected changes in temperature to substantially alter the relationship between biodiversity and ecosystem function via temperature-driven shifts in the strength of selection and complementarity effects. Specifically, high variability in thermal tolerance traits means that when temperatures depart from ambient conditions (either via warming or cooling), levels of ecosystem functioning should change markedly when biodiversity loss is independent of species' thermal tolerance traits---i.e., the exponent of the diversity--functioning relationship should increase because the probability of including species with thermal traits that are well suited to the new environment declines rapidly as species are lost. Furthermore, because of variability in thermal tolerance traits, changes in temperature will also have differential effects on species performance and thus alter the nature of competition ([@r22]), facilitation, and resource partitioning, likely changing the degree of interspecific complementarity.

We tested these hypotheses by randomly assembling the 24 taxa in communities of increasing diversity across eight temperatures spanning 10 °C to 40 °C (the range of temperatures where all species were able to grow). We monitored the "growth" of the community by measuring the accumulation of biomass over time. In all microcosms, biomass increased exponentially and then reached a stationary phase. Ecosystem functioning was quantified as the asymptotic biomass (yield) of the community in the stationary phase, determined by fitting the logistic growth equation to the biomass time series ([*Materials and Methods*](#s2){ref-type="sec"}). Yield increased with increasing species richness at all temperatures, but it did so in a decelerating manner ([Fig. 2 *A* and *B*](#fig02){ref-type="fig"}). Consequently, this relationship was well characterized by a power function (linear relationship on a log-log scale) with an exponent $<$1, where the exponent indicates the average effect of changes in species richness on ecosystem functioning.

![Effects of temperature on the relationship between species richness and ecosystem functioning. (*A*) Effects of temperature on the relationship between species richness and ecosystem functioning. A power function was used to analyze the coupling between ecosystem functioning and species richness: ${log}_{10}$*Y*(*S*) = *b* (${log}_{10}$*S* -- ${log}_{10}S_{c}$) + ${log}_{10}$*Y*($S_{c}$). Ecosystem functioning was quantified as the community yield (Y) in the stationary phase of community growth, species richness (S) was centered around the mean, $S_{c}$, so that the intercept of the linear relationship between ${log}_{10}Y$ and ${log}_{10}S$ gives the ${log}_{10}Y$ at the average level of *S*, and $b$ is the exponent that captures the shape of the diversity--functioning relationship ([*SI Appendix*, section 1.3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). Analyses demonstrate major shifts in the relationship between ${log}_{10}Y$ and ${log}_{10}S$ with temperature. (*B*) The intercept of the diversity--functioning relationship, ${log}_{10}Y$($S_{c}$), declined with rising temperature. The red line denotes the fit of a linear model to the relationship between ${log}_{10}Y$(*S*~*c*~) and temperature (${log}_{10}Y\left( S_{c} \right) =$ −0.01 × −1.22, $r^{2}$ = 0.81, *P* $<$ 0.01). (*C*) Changes in the exponent reveal a U-shaped relationship with temperature, with the highest values at low and high temperatures. The red solid line represents the fit of a second-order polynomial model (y = 0.0008x^2^ − 0.04x + 0.63, $r^{2} =$ 0.85, *P* $<$ 0.01).](pnas.1805518115fig02){#fig02}

The average yield at an intermediate level of richness (e.g., the intercept of the diversity--functioning relationship; [*Materials and Methods*](#s2){ref-type="sec"}) declined exponentially with increasing temperature---e.g., on average, warmer communities supported lower levels of asymptotic biomass ([Fig. 2*B*](#fig02){ref-type="fig"}). This effect of temperature on the community yield is in line with predictions from metabolic scaling theory and can be explained from the exponential effects of temperature on metabolic rates ([@r27], [@r28]). When resource availability is fixed, finite and independent of temperature (as was the case in our experiment), higher temperatures will result in a decline in asymptotic biomass because each individual will use resources at a faster rate owing to its higher metabolic rate and thus the ecosystem can support fewer individuals ([@r29]). We also found a marked effect of temperature on the exponent of the relationship between species richness and ecosystem function ([*SI Appendix*, Table S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). In line with our expectations, warming above and cooling below ambient conditions (e.g., 20 °C, which was the isolation and cultivation temperature of all isolates) increased the exponent ([Fig. 2*C*](#fig02){ref-type="fig"}), meaning that the diversity--functioning relationships became more linear and less strongly decelerating under altered thermal regimes.

The impacts of temperature change on the exponent of the diversity--functioning relationship are particularly noteworthy because they indicate that as temperatures depart from ambient conditions, biodiversity loss has a more marked effect on ecosystem functioning. To explore the mechanisms shaping this interaction between species loss and environmental warming on ecosystem functioning, we isolated the taxa present at the end of the experiment from the high-diversity (24 species) treatments exposed to 10 °C, 20 °C, and 40 °C (i.e., the ambient and extreme ends of the temperature gradient). We found marked differences in the taxa present at the end of the experiments in the different temperature treatments. Nonmetric multidimensional scaling (NMDS) revealed a statistically significant separation in the composition and relative abundance of the taxa present at the end of the experiment among treatments ([Fig. 3*A*](#fig03){ref-type="fig"}; PERMANOVA; $F_{1,27} =$ 10.00, *P* $=$ 0.001; see [*SI Appendix*, Table S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental) for pairwise contrasts). We also found that the species scores from the primary axis of variation in the NMDS analysis (NMDS1, which accounted for 44% of the variance in taxonomic composition) were significantly positively correlated with the thermal optima of the taxa ([Fig. 3*B*](#fig03){ref-type="fig"}). This result is consistent with our expectations and indicates that the presence of taxa in the different temperature treatments was associated with their thermal tolerance traits. Notably no taxa with $T_{opt} <$ 27 °C were present at the end of experiments in the 40 °C treatments ([*SI Appendix*, Fig. S1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). These results suggest that temperature-driven selection based on species' thermal tolerance traits played a key role in shaping how the diversity--functioning relationship was affected by warming ([@r3], [@r30]).

![Compositional turnover linked to variance in thermal tolerance traits. (*A*) Nonmetric multidimensional scaling ordination of the microbial communities in the high-diversity treatments (S $=$ 24) at high (red), low (blue), and ambient (yellow) temperatures (k $=$ 4, stress $=$ 0.01). The brown arrows and letters correspond to "species scores" and indicate the correspondence of each species with the primary axes of variation. The colored points and ellipses denote "site scores," where each point is a replicate community and its correspondence with the axes of variation. Ellipses give the 95% CI around the centroid of each treatment---nonoverlapping ellipses suggest significant divergence in community composition between treatments (see [*SI Appendix*, Tables S3 and S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental) for results of PERMANOVA). (*B*) Relationship between the species scores extracted from NMDS1 and the $T_{opt}$ of each species. The black line represents the fit of a linear model ($r^{2} =$ 0.28, *P* $=$ 0.03).](pnas.1805518115fig03){#fig03}

We then explored how variability in the thermal tolerance traits of the species composing each community (at each level of temperature and richness) influenced ecosystem functioning. Recent developments using trait driver theory outline how functional trait distributions change along environmental gradients and can be used to understand how ecosystem-level properties shift owing to environmental selection (on functional traits) and scaling up individual-level performance to ecosystem functioning ([@r31]). To explore the coupling between functional traits, environmental variation, and ecosystem productivity, we quantified the mean thermal optima of the taxa inoculated into each community (at each level of temperature and richness) at the start of the diversity--functioning experiment. We found that ecosystem functioning was positively correlated with $< T_{opt} >_{c}$ and the strength of the correlation increased markedly with rising temperature across all richness levels ([Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). Thus, communities that comprised taxa with high $T_{opt}$ were also those with the highest productivity, and this effect was most clearly manifest at warm temperatures ([Fig. 4](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). This result demonstrates that temperature-driven changes in the diversity--function relationship were mediated by variability in thermal traits ([Fig. 1](#fig01){ref-type="fig"}); high-diversity communities were more likely to include species with high $T_{opt}$, and communities with high average $T_{opt}$ were generally the most productive, particularly at warm temperatures.

![Linking thermal traits to the impacts of warming and species loss on ecosystem functioning. Coupling between ecosystem functioning (community yield) and the community-mean optimum temperature $< T_{opt} >_{c}$, derived from the species used to seed each replicate community. Analyses reveal that $< T_{opt} >_{c}$ becomes an increasingly important predictor of ecosystem function as temperature rises, demonstrating that temperature-driven changes in the diversity--functioning relationship were mediated by variability in thermal traits. The red lines represent the fitted curves derived from the linear mixed-effect model. The different point shapes represent the level of species richness (S).](pnas.1805518115fig04){#fig04}

To further explore the processes that may have contributed to the strong interaction between species loss and warming on ecosystem functioning, we used the method of Isbell et al. ([@r19]) to partition the net biodiversity effect into components attributable to selection and complementarity at local (replicate communities within temperature treatments) and larger scales (total effects at the treatment level). Our results revealed a positive net biodiversity effect in all temperature treatments ([Fig. 5*A*](#fig05){ref-type="fig"} and [*SI Appendix*, Table S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)) and, in line with our previous analysis ([Fig. 2](#fig02){ref-type="fig"}), we found that the net biodiversity effect was higher at 10 °C and 40 °C compared with that at 20 °C ([Fig. 5](#fig05){ref-type="fig"}). We found evidence that both selection and complementarity effects contributed to the net biodiversity effect, but complementarity accounted for a much larger fraction of the net biodiversity effect across each of the temperature treatments. These patterns were consistent both at local and at larger scales ([*SI Appendix*, Table S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). The strength of complementarity effects, however, also changed markedly with warming, increasing significantly at low and high temperatures ([Fig. 5*C*](#fig05){ref-type="fig"}). Indeed, the relative importance of complementarity compared with selection effects was greater at 10 °C and 40 °C ([Fig. 5](#fig05){ref-type="fig"}), indicating that as temperatures depart from ambient conditions, complementarity played an increasingly important role in mediating the effects of biodiversity of ecosystem functioning.

![Partitioning the impacts of warming on ecosystem functioning into selection and complementarity effects. (*A*) Net effect (NE) of biodiversity on functioning at each treatment temperature. (*B*) Selection effect (SE) of biodiversity at each treatment temperature. (*C*) Complementarity effect (CE) of biodiversity at each treatment temperature. Gray circles represent the value of each replicate and the black circles and the error bars indicate the mean and the SD for each treatment. Values over the zero line indicate a positive NE, SE, or CE on ecosystem function.](pnas.1805518115fig05){#fig05}

Our study design precludes identification of the precise nature of the impacts of temperature change on complementarity. Without extensive further work determining the precise resource uptake characteristics of each of the species and whether they are able to grow on one another's metabolic byproducts, we are unable to determine whether these effects are driven by changes in facilitation and cross-feeding interactions known to be prevalent in microbial communities ([@r32]) or shifts in other aspects of the functional niches (e.g., complementary resource use). Nevertheless, the strong impact of temperature on the composition of the communities, evidence that compositional turnover was linked to variability in thermal optima, and the prevalence of interspecific complementarity, suggests that variability in thermal performance played a key role in shaping the impacts of warming and species loss on ecosystem functioning. These patterns were most likely mediated by the impacts of changes in temperature on species interactions driven by differences in thermal performance among taxa (see [*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental), where we show how complementarity effects among species pairs change along the thermal gradient).

Our experiments highlight the increasing importance of biodiversity for maintaining ecosystem functioning in the face of environmental warming. Warming fundamentally altered the relationship between biodiversity and ecosystem functioning: as temperatures shifted from ambient conditions (either via warming or cooling), diversity--functioning relationships became more linear and less saturating, indicating that functional redundancy declined and more species were required to maintain ecosystem productivity. Our results also provide clear evidence that the impacts of temperature change and biodiversity loss on ecosystem functioning were directly linked to species' thermal traits. Temperature had a marked impact on the composition of the communities at the end of the experiment, and both the presence/absence of species and their relative abundance were linked to the optimal growth temperature ([Fig. 3](#fig03){ref-type="fig"}).

Ecosystem productivity was also positively associated with the average optimum temperature of the taxa used to seed the communities, with the strength of this coupling increasing markedly at high temperatures. This result indicates that thermal traits played a key role in mediating the combined impacts of warming and species loss on ecosystem functioning. While selection effects clearly played a role in determining how the relationship between diversity and ecosystem functioning was altered by temperature change, their impacts were secondary compared with complementarity effects. At 10 °C and 40 °C, total complementarity accounted for 86% and 63% of the net biodiversity effect, respectively ([*SI Appendix*, Table S5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). These results suggest that the impacts of temperature change and species loss on ecosystem functioning were primarily linked to temperature-driven shifts in species interactions that were in turn mediated by variability in thermal tolerance traits ([*SI Appendix*, Fig. S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). Indeed, these findings are consistent with recent work indicating that temperature plays a fundamental role in determining the nature and outcome of species interactions in microbial communities ([@r22]).

Our results show that as temperatures depart from ambient conditions, functional redundancy rapidly declines. High biodiversity, however, facilitates greater functional complementarity among species that can maintain ecosystem productivity under varying thermal regimes. Our work therefore emphasizes that while functional redundancy may be prevalent under ambient environmental conditions ([@r33]), it is likely to rapidly decay when environmental change drives conditions outside of species' tolerance limits. Overall, our results highlight the critical importance of biodiversity for maintaining the functioning of ecosystems, which face the double-edged sword of declining biodiversity through habitat loss ([@r34]), pollution, species invasions, and rapid changes in the abiotic environment brought about by climate change ([@r1]).

Materials and Methods {#s2}
=====================

Study Site. {#s3}
-----------

Biofilm samples were collected from the surface of rocks during May 2016 in Hvergerdi Valley, 45 km east of Reykjavik, Iceland. The area contains a large number of mainly groundwater-fed streams that are subjected to differential natural geothermal warming from the bedrock. The temperatures in the sampled streams ranged from 8 °C to 38 °C. Our previous work in this study site has shown that across a wide range of chemical and physical parameters (stream velocity, pH, conductivity, ${NO}_{2}^{-}$, ${NO}_{3}^{-}$, ${NH}_{4}^{+},{PO}_{4}^{3 -}$) none correlate significantly with temperature ([@r35]). Samples were immediately frozen upon collection with 17% glycerol and transported at −20 °C for further processing in the laboratory.

Environmental Isolation of Bacterial Taxa. {#s4}
------------------------------------------

Upon return to the laboratory, samples were thawed at 20 °C and were prepared by spreading 10-$\mu$L serial dilutions onto R2 agar plates (Oxoid Ltd.) with sterile glass beads. Plates were incubated at 20 °C for 10 d. The resulting colonies were picked at random, placed into 200 $\mu$L LB broth, and incubated for 48 h. Samples were then centrifuged, the supernatant was removed, and the pellet was resuspended in a mix of LB broth and 17% glycerol before being frozen at −80 °C. Isolates were assigned taxonomy using 16S PCR followed by Sanger sequencing within the 16S rRNA gene ([*SI Appendix*, section 1.1](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). Using Mothur v.1.39.5 ([@r36]), sequences longer than 974 bp were aligned to the Silva.Bacteria.Fasta database, and taxonomy was classified using the Ribosomal Database Project (RDP) trainset 9 032012 and NCBI as a reference database ([*SI Appendix*, Fig. S5 and Table S6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). Phylogenetic trees were constructed using iToL ([itol.embl.de/](http://itol.embl.de/)) ([@r37]). A total of 24 isolates from the 11 different streams were selected for the subsequent experiments.

Species-Level Thermal Tolerance Curves. {#s5}
---------------------------------------

The isolates were grown in LB medium overnight immediately after coming out of the −80 °C freezer, then transferred into media made by dissolving 7.6 g of protozoan pellet in 1,000 mL of autoclaved volvic water, and then diluted by a factor of 1/10. Protozoan pellets are made from plant material and contain a diverse range of carbon sources that facilitate bacterial growth and the establishment of a diverse community ([@r38]). To characterize the thermal tolerance curves, each species was grown in Percival incubators at 10 temperatures (10 °C, 15 °C, 20 °C, 25 °C, 27.5 °C, 30 °C, 35 °C, 40 °C, 45 °C, and 50 °C) in 96-well plates containing six replicates of each isolate at each temperature. Biomass was estimated by measuring optical density at 600 nm. Growth rates were derived by fitting the logistic growth equation to the biomass time series. Thermal tolerance curves were quantified by fitting the Sharpe--Schoolfield equation ([@r39]) to the growth rate data using the methods outlined in Padfield et al. ([@r40]) ([*SI Appendix*, section 1.2](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)).

Biodiversity Ecosystem Functioning Experiment. {#s6}
----------------------------------------------

We assembled the 24 taxa into artificial communities with different levels of species richness ([@r2], [@r4], [@r8], [@r16], and [@r24]). For each richness level we built 10 different replicate communities where the species composition was determined by randomly sampling the 24 species. Each community was then grown at eight different temperatures (10 °C, 15 °C, 20 °C, 25 °C, 27.5 °C, 30 °C, 35 °C, and 40 °C). Stock cultures of all 24 taxa were first grown to stationary phase at each of the experimental temperature treatments and then diluted back to a common biomass density across all taxa and treatments. Experimental communities were then inoculated from these stocks to a standardized target biomass and microcosm volume (24 $\mu$L) across all treatments, using a substitutive design. For example, at richness $=$ 2, 12 $\mu$L of each species was added, while at richness $=$ 4, 6 $\mu$L of each was added. A summary of the experimental design is given in [*SI Appendix*, Table S7](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental). We used a power function to capture the shape of the relationship between species richness and ecosystem function and quantified the effects of temperature on the exponent and intercept, using a linear mixed-effects model ([*SI Appendix*, section 1.3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). At the end of the diversity experiment we reisolated the bacterial taxa from the maximum richness treatments (S $=$ 24) that had been exposed to the ambient (20 °C) and the two extreme (10 °C and 40 °C) temperatures to explore the potential mechanisms underlying changes in the diversity--functioning relationship with temperature ([*SI Appendix*, section 1.4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)).

Effects of Temperature on the Community Composition. {#s7}
----------------------------------------------------

To determine whether the composition of the communities present at the end of the experiment differed significantly between the temperature treatments (10 °C, 20 °C, and 40 °C) we performed a NMDS ordination analysis on the relative abundance of the reisolated taxa. Analyses were performed using the R package "vegan" ([@r41]). The analysis was based on a Bray--Curtis dissimilarity matrix derived from the square-root--transformed relative abundances data. NMDS projected this matrix into a new coordinate space with a small number of dimensions (in this case, four) while preserving the original Bray--Curtis dissimilarities among samples to the extent possible. Orthogonal rotation was applied to the axes in this new coordinate space to maximize the variance in "scores" among samples along the first NMDS axis. We performed a permutational multivariate analysis of variance (PERMANOVA) to test whether there were significant differences in community composition between the different temperature treatments, using the "adonis" function from the R package vegan ([*SI Appendix*, Table S4](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). We then ran separate PERMANOVA analyses for each pair of treatments (e.g., 10--20, 10--40, 20--40) to determine which pairwise treatment contrasts were significantly different ([*SI Appendix*, Table S3](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)). We used the Bonferroni correction to adjust the resultant *P* values for multiple comparisons.

Linking Thermal Traits to the Impacts of Warming and Species Loss on Ecosystem Functioning. {#s8}
-------------------------------------------------------------------------------------------

To explore the coupling between biodiversity, thermal tolerance traits, temperature variation, and ecosystem productivity, we quantified the community-mean thermal optima $< T_{opt} >_{c}$ of the taxa inoculated into each community (at each level of temperature and richness) at the start of the diversity--functioning experiment. We then assessed whether $< T_{opt} >_{c}$ was a significant predictor of ecosystem functioning after accounting for the effects of temperature and species richness using a linear mixed-effect model ([*SI Appendix*, Table S8 and section 1.5](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)).

Partitioning the Impacts of Biodiversity on Ecosystem Function into Selection and Complementarity Effects. {#s10}
----------------------------------------------------------------------------------------------------------

To statistically partition the net effect (NE) of biodiversity into the species-specific selection effect (SE) and the multispecies complementarity effect (CE) we followed the additive partitioning method developed by Loreau and Hector ([@r11]). We quantified these effects at both large and local scales, using the methods outlined in Isbell et al. ([@r19]). We estimated the local effects, considering each replicate as a "place" (*P* $=$ 10) ([*SI Appendix*, section 1.6](http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1805518115/-/DCSupplemental)).
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